INTRODUCTION
Baculoviruses are insect viruses with a double-stranded, circular DNA genome of 80 to 120 kbp and provide suitable models for the study of recombination. Recombination of Autographa californica nuclear polyhedrosis virus (AcMNPV) and Rachiplusia ou nuclear polyhedrosis virus (RoMNPV) was obtained in vitro in Trichoplusia ni cells, by mixed infection with both viruses . In Galleria mellonella larvae, we have shown that mixed infections with G. mellonella NPV and AcMNPV yield a high level of virus recombinants (Croizier & Quiot, 1981) . In contrast, during mixed infection of this same host with AcMNPV and RoMNPV (both of which are able to multiply in larvae) only AcMNPV was present in the virus progeny. The same result was obtained after injecting the intact genomic DNA derived from these viruses directly into the insect (unpublished observations).
In order to understand better the principles underlying these phenomena, experiments were designed using a technique adapted from the marker rescue method (Knipe et al., 1979) . The infective DNA of RoMNPV (recipient virus) was mixed with restriction fragments of AcMNPV (donor virus), and inoculated into G. mellonella larvae. Under these conditions, only the intact genome or recombinants allow an infection to be initiated (Kelly & Wang, 1981) .
Because of the homology (96 ~o) between the DNAs of each virus, the genome of the progeny viruses was analysed using a number of unique restriction sites as physical markers for the parental genomes (Jewell & Miller, 1980; Smith & Summers, 1980; . In addition, because AcMNPV and RoMNPV polyhedrins can be distinguished by partial proteolysis (Maskos & Miltenburger, 1981) , we also used polyhedrin as a marker for investigating recombination. This paper presents the results of these investigations.
METHODS
Viruses. Strain 1.2 ofAcMNPV (Croizier & Quiot, 1981) was used, and the strain R1 of RoMNPV was obtained from Professor M. D. Summers, Texas A & M University, College Station, Tx., U.S.A. (Smith & Summers, 1980 
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Analysis of virus recombinants. The analysis of virus recombinants was based on screening for restriction sites unique for the parental viruses and for a deletion characteristic of the AcMNPV genome. These sites, which we used as markers in the present study, were derived from previously published restriction maps of both parental viruses Croizier & Quiot, 1981 ; Cochran et aL, 1982; Vlak & Smith, 1982) . Only those enzymes allowing a clear analysis of marker sites were used in the analysis. The deletion was determined by the presence of the RoMNPV SmaI-C fragment.
Double infections. Double infections were carried out by injecting G. mellonella larvae weighing 250 + 50 mg with 16 p-g of a haemolymph mixture of the respective parental viruses and obtained from larvae injected with dissolved polyhedra 6 days earlier (infective haemolymph). Virus titres in the infective haemolymph were determined using the endpoint dilution assay from batches of eight larvae at 4 days post-infection, and calculated as described by Reed & Muench (1938) .
Preparation of virus DNA and cotransfection. Polyhedra produced by G. mellonella larvae were purified by sucrose gradient centrifugation (Crawford et al., 1978) . The virions were liberated from the polyhedra with an alkaline solution of thioglycollate-carbonate buffer pH 10-5 and subsequently purified by sucrose gradient centrifugation (Croizier et al., 1980) .
For the purification of DNA, 0.2 ml of a virus suspension (5 mg/ml) was added to 0.3 ml of 0.25 i-thioglycolatecarbonate buffer (pH 10.5) containing 0-5 ~ SDS. The mixture was heated to 60 °C for 15 rain prior to extraction with phenol saturated with 0.01 M-Tris-0-001 ivI-EDTA buffer pH 7-6 (TE). The DNA was dialysed for 24 h against the TE buffer.
RoMNPV and AcMNPV DNA were digested with the endonucleases EcoRI, BamHI or SmaI as recommended by the supplier (Boehringer Mannheim), and subsequently each digest was heated to 56 °C for 20 min. Solutions were then dialysed overnight against TE buffer.
DNA transfection was carried out in TE buffer in the presence of DEAE~dextran from Pharmacia (0.2 mg/ml) as described by Skuratovskaya et al. (1977) . Transfection was performed by injecting the DNA into the haemocoel ofG. mellonella larvae through a false leg with a 0.45 x 1.2 mm needle. Each larva received a mixture consisting of 4 btl of intact DNA at 10 lag/ml and 4 ~tl of DNA cleaved with enzymes at a concentration of 22 lag/ml. Forty ng of intact DNA equals 5 LDs0 units for AcMNPV and RoMNPV, respectively.
Partial proteolysis. The nature of the polyhedrin synthesized by the recombinants was determined by electrophoresis in 12 ~ polyacrylamide gel in denaturing medium following the method of Maskos & Miltenburger (1981) and employing partial spontaneous proteolysis of the protein (Smith & Summers, 1981) . To obtain partial proteolysis the purified polyhedra were heated for 10 min at 100 °C in 0.06 M-Tris-HCI pH 6.8, 4~ SDS, 20~ glycerol, 10~ 2-mercaptoethanol, 0.002% bromophenol blue.
Plaquing of recombinants. Plaque purification of all recombinants was carried out in Bombyx mori cells as described by Croizier & Quiot (1981) . The plaque-purified viruses were multiplied in G. mellonella larvae.
Cloning of the AcMNPV polyhedrin gene. AcMNPV genomic DNA was digested with the restriction endonuclease EcoRI and separated by 0.6~ agarose gel electrophoresis. The DNA fragment EcoRI-I of 7.3 kbp, containing the polyhedrin gene (Vlak et al., 1981) , was extracted from the agarose gel by electroelution as described by Maniatis et al. (1982) .
The electroeluted DNA was ligated in the presence of T4 DNA ligase to the vector pUC9 (Vieira & Messing, 1982) previously cleaved with EcoRI and treated with calf intestinal alkaline phosphatase. The ligation mixture termed pAcEco7-3 was used to transform Escherichia coil strain JM83 as described by Lederberg & Cohen (1974) . This DNA fragment had a BamHI restriction map identical to the EcoRI fragment of AcMNPV strain E2 (Smith et al., 1983) .
RESULTS

Characterization of AcMNPV-RoMNPV recombinants in G. mellonella larvae
When G. mellonella larvae were infected by a mixture of infective haemolymph from G. mellonella larvae infected with AcMNPV and RoMNPV, AcMNPV was the predominant virus observed during the infection and no RoMNPV could be detected (Table 1) . Even a ratio of 10 5 to 1 in favour of RoMNPV yielded AcMNPV in the progeny.
In addition, digestion with EcoRI of the viral DNAs isolated from polyhedra purified from dead larvae after cotransfection with intact AcMNPV genomic DNA and RoMNPV fragments obtained by EcoRI, Sinai or BamHI resulted in identical profiles to those produced from AcMNPV DNA (data not shown).
After cotransfection of the RoMNPV genome in the presence of AcMNPV EcoRI, BamHI or Sinai restriction fragments, restriction fragments of the genomes of the progeny virus (RoMNPV/Ac-EcoRI, Ac-BamHI, Ac-SmaI progeny) were compared with homologous Fragments different from those of RoMNPV (lanes 1) found in RoMNPV/Ac-BamHI (lanes 3) and RoMNPV/Ac-SmaI (lanes 4) progeny were derived from fragments of AcMNPV. This could be seen clearly in the cleavages of these genomes with SmaI (Fig. 1 d) . A deletion accounts for the difference in migration of the RoMNPV or AcMNPV SmaI-C fragments (Croizier & Quiot, 1981) . RoMNPV/Ac-BamHI and RoMNPV/Ac-SmaI progeny (Fig. 1, lanes 3 and 4) consisted of approximately one-third of genomes with a deletion similar to the AcMNPV donor virus, and two-thirds of genomes without a deletion, as in the RoMNPV recipient virus (Fig. 1,  lanes 1) . isolates analysed by cleavage with EcoRI, HindlII, PstI and Sinai. Each strain had at least one fragment derived from AcMNPV (Fig. 2) .
Distribution of markers of the AcMNPV genome in the genome of recombinants
Analysis of the recombined genomes was based on the study of particular loci which were or were not occupied by restriction sites according to their parental origin (Fig. 2) . The distribution of the restriction site differences was determined for the endonucleases BamHI, KpnI and SacI in five isolates from RoMNPV/Ac-BamHI progeny and in four isolates from RoMNPV/Ac- SmaI progeny. Each strain possessed from three to seven markers that could be attributed to the AcMNPV donor genome (Fig. 2) . Two of the four recombinants of the RoMNPV/Ac-SmaI progeny furthermore exhibited the deletion (circled d in Fig. 2 ) inherited from fragment SmaI-C of AcMNPV. Four of five recombinants of the RoMNPV/Ac-BamHI progeny inherited this deletion (circled d in Fig. 2 ) from fragment BamHI-A.
Recombination of baculoviruses in
Origin of the polyhedrin gene in the recombinants
Polyhedrins from RoMNPV/Ac-EcoRI, RoMNPV/Ac-BamHI, RoMNPV/Ac-SmaI progeny were analysed by PAGE. RoMNPV/Ac-EcoRI showed the presence of RoMNPV polyhedrin. RoMNPV polyhedrin was also found in five recombinants of five derived from RoMNPV/Ac-BamHI. Of 13 recombinants from the population produced by cotransfection with the intact RoMNPV and AcMNPV SmaI fragments, 12 produced AcMNPV polyhedrin (Fig. 3) .
Composition of the viruses derived from cotransfection with RoMNPV and the plasmid pAcEcoT.3 containing the polyhedrin gene of AcMNP V
The viruses derived from cotransfection with RoMNPV and the plasmid pAcEco7-3 linearized by the endonuclease EcoRI appeared to be identical to the RoMNPV parental virus and contained polyhedrin of the RoMNPV type. The viruses derived from cotransfection in the presence of intact plasmid pAcEco7.3 differed from RoMNPV (Fig. 4) . The RoMNPV EcoRI-G fragment was very poorly represented in the virus population. Hybridization of 32p-labelled pAcEco7.3 to the RoMNPV genome annealed only to fragment EcoRI-G, whereas it hybridized to five fragments in the virus population after cotransfection (Fig. 4) . There was significant hybridization with the 7.6 kbp EcoRI-G fragment. Three rather weak hybridizations with the fragments of 3.9, 6-2 and 12 kbp did not correspond to any known RoMNPV or AcMNPV EcoRI fragment. Typing of 11 recombinant viruses derived from RoMNPV/intact pAcEco7.3 progeny indicated that 10 generated AcMNPV polyhedrin.
Electrophoresis of the EcoRI (Fig. 5) and PstI (Fig. 6a) fragments from the genomes of these viruses showed that among these l0 recombinants nine had an insertion of 1 kbp of unknown origin allowing the recombinants to be differentiated from RoMNPV ( Fig. 5 and 6a) . A comparison of the BamHI fragments of recombinants with RoMNPV showed the insertion to be located in fragment BamHI-BC (Fig. 6b) . Digestion with HindIII allowed the classification of the recombinants into three types (Fig. 7) : type 1 (seven of nine strains) for which fragment B was replaced by a larger one resulting from the merging of B and Q plus the insertion of 1 kbp; type 2 (one of nine strains) showing the merging of B and Q, but without the insertion of 1 kbp; type 3 (one of nine strains) in which R o M N P V fragments B and C were replaced by two new fragments B" and C'.
DISCUSSION
The abundance of recombinants in virus populations obtained after simultaneous infections is the result of extensive genetic exchange between two viruses and the behaviour of the hybrid viruses as compared to that of the parental viruses in a given cell or animal system. This study showed that cotransfection of G. mellonella larvae with the R o M N P V genome and restriction fragments of the A c M N P V genome frequently leads to the formation of virus recombinants (1007oo recombinants in the case of the cleaved A c M N P V genome, 91 ~ recombinants in the case of cotransfection with plasmid pAcEco7-3). The choice of G. mellonella larvae instead of larvae of other species to produce baculovirus recombinants was based on two considerations. Latent baculoviruses, often present in Lepidoptera, are unknown in G. mellonella. In addition, G. mellonella larvae are highly resistant to infection by mouth with baculoviruses. Plaque-purified baculoviruses are cultured routinely in our laboratory without any observed genetic change during repeated passages in G. mellonella. The new types of baculovirus found after mixed infections can be recognized as genuine recombinants as they exhibit restriction markers of both parents. Extensive sequence analyses would be necessary to determine the precise locations of genetic exchanges.
When G. mellonella larvae were infected with a mixture of the two baculoviruses, or when the cotransfection procedure relied on the use of the A c M N P V genome or R o M N P V restriction fragments, only A c M N P V could be found in progeny virus from dead larvae. A c M N P V appears to be the best adapted and/or replicates more rapidly than R o M N P V .
Elimination of the recipient virus in the cotransfection method can be explained by interference in the multiplication of this virus by genes or gene products of the donor virus before recombination. It is possible that the insertion of genes of the donor virus ( A c M N P V ) which is well adapted to G. mellonella, confers a selective advantage to virus recombinants as compared to those of the donor virus in this insect.
The analysis of the distribution of the AcMNPV genome markers in virus recombinants from RoMNPV/Ac-SmaI and RoMNPV/Ac-BamHI progeny indicated that the insertion of the genome segments of the donor virus occurred at random along the recipient genome. For example, Sac! and KpnI markers located at 22, 23 and 46 map units and the area around 67 map units were found in over half of the recombinants of the RoMNPV/Ac-BamHI progeny. BamHI and KpnI markers located at 35, 46 and 67 map units of the genome of the donor virus (in Sma-C) occurred in six of nine recombinants. The presence of DNA sequences from AcMNPV in AcRoMNPV recombinants is affected by the choice of the enzyme used to produce the AcMNPV restriction fragments through the location of the restriction sites. This appeared very clearly when polyhedrin was the genome marker. The RoMNPV/Ac-SmaI recombinants possess a polyhedrin gene inherited from the AcMNPV SmaI-A fragment, whereas the RoMNPV/AcBamHI recombinants have the RoMNPV polyhedrin. It is probable that each of the potential donor fragments has only a part of the polyhedrin gene, since BamHI cleaves in the coding sequence of the AcMNPV polyhedrin gene.
When the region of potential recombination is limited by the use of a single restriction fragment, as occurred with plasmid pAcEcoT.3, there is also a considerable yield (10 of 1 l) of recombinants. The numerical predominance of virus recombinants that carry the AcMNPV polyhedrin gene revealed a high selection for this gene in infective recombinants.
The absence of virus recombinants in our experimental cotransfection with EcoRI fragments in a linear form cannot be explained. This might be due to experimental conditions in G. mellonella, since the marker rescue technique has been successfully performed on Spodoptera frugiperda cells with cloned fragments digested with EcoRI (Gordon & Carstens, 1984) .
In spite of a number of constraints related to the insufficient and unequal distribution of markers along the genome, very high rates of intertypic recombination between donor and recipient viruses were detected by the cotransfection technique. The introduction into the RoMNPV genome of AcMNPV sequences carried by plasmids might improve the efficiency of the method.
The cotransfection technique carried out in G. mellonella to prevent the best adapted parental virus from replicating and from inhibiting the expression of recombinants, can also be used to obtain baculovirus recombinants using other insects. Spodoptera littoralis MNPV and Spodoptera litura MNPV recombinants have recently been obtained in rive by this method in our laboratory (unpublished observations).
The relative abundance of recombinants obtained in this study confirms the plasticity of baculoviruses as shown by recombination experiments in rive and in vitro (Smith & Summers, 1980; Croizier et al., 1980; Croizier & Quiet, 1981) . However, the role of recombination and selection in the genesis of baculovirus populations in insects and whether these factors account for variability among baculoviruses still need to be determined.
